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Abstract 
To study the mechanical behavior of reinforced concrete (RC) continuous members after exposure to fire, a series of 
tests, including 5 RC continuous slabs and 7 RC continuous beams, were carried out. The content of test included the 
static loading of the reference specimens at ambient temperature, heating in ISO strand fire and the post-fire loading 
test for the rest specimens. It is found the mechanical properties of the specimens dropped with the increasing of 
exposure time. The loss of bending rigidity is proved larger than that of the bearing capacity. Because of the 
difference in size, the slabs were subjected to more severe damage than the beams under the same heating condition. 
Comparing with the similar test of the simply supported members, it is found elevated temperature has apparently 
greater influence on the mechanical properties of the continuous members.  
© 2011 Published by Elsevier Ltd.  
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1. Introduction 
Due to the spatial location, slabs or beams usually experience the highest temperature in a building fire. 
That means slab or beam, among the basic RC structural members, is prone to be subjected to the most 
severe damage. 
Although fire may cause significant damage to the RC structures, only a very few proportion of 
buildings collapsed in fire. Nevertheless, for any building exposed to fire a reliable and accurate 
evaluation of damage is really necessary for the following rehabilitation. A vast number of reports on 
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experimental and theoretical investigations concerning the material characteristics or mechanical 
behaviors of RC members are available in the literature. Relatively limited studies, however, are directed 
towards the prediction of the post-fire behavior of RC members. Moreover, most researchers took the 
simply supported structural members as the investigated object. Compared with the continuous structural 
members, simply supported members are less common in civil engineering. And the fire damaged region 
is usually located on the underneath of a bending member, which is the tensile zone for a simply 
supported member in loading, and contributes little to the bearing capacity  
To develop a more reliable evaluating approach for the fire damaged RC members and present 
reference for the further repairing and strengthening, test study on the RC continuous flexural members is 
taken into account in this paper. 
2.    Specimen geometry, test setup, heating and loading
2.1. Design of the specimens 
Totally 6 continuous RC slabs and 7 continuous RC beams were designed for test. As is shown in 
Figure 1, the two-span slabs were all 2600mm in length and 120mm×1200mm rectangular in cross 
section. Slabs were reinforced longitudinally with seven 12mm diameter hot rolled mild bars at the top 
and bottom. The two-span slabs were cast together with three beams, which acted as supports.  
Figure 1: Layout of fire exposure and the follow-up loading regime 
Beams had the same length of span as the slabs in longitudinal direction. To consider the beneficial 
effect of the flange, the cross section of the beam was designed as a T section. The flange slab was 
1200mm in width and 120mm in depth and the beam’s main section is 200mm×300mm. The beams were 
reinforced with two 14mm diameter hot rolled mild bars at the top and bottom. For shear, beams were 
transversely reinforced with 8mm diameter hot rolled bars with the interval of 100 mm.  
The following material properties are used: mix proportion of concrete is 1: 2.2: 3.1: 0.5 (cement: sand: 
gravel: water). After curing, the compressive test on the cubes (100mm×100mm×200mm) gave the 
average crushing strength of 29.98MPa with the standard deviation of 4.10MPa. The elastic modulus is 
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2.94 MPa. The yield and ultimate strength of the hot rolled mild bar is 286MPa and 408MPa respectively. 
The elastic modulus oft the bar is test to be 2.08×105MPa.
In comparison, one of the slabs and beams were randomly selected as the reference specimens, named 
S-0 and L-0, and were planned to loading at ambient temperature. 
2.2. Heating test of the specimens 
The heating test was carried out on a gas furnace with the size of 4.5m×3.0m×1.7m in Fire Resistance 
Laboratory of Tongji University. Except for the reference specimens, the rest were heated in standard fire 
according to the ISO 834 standard. To simulate the actual fire condition, all the specimens were heated 
from underneath, which means three-face fire exposure for beams and one-face fire exposure for slabs. 
To separately study the fire damage on the mechanical behavior and the effect of rehabilitation, the 
slabs and beams were randomly divided into two groups. Because the study of rehabilitation is not closely 
relevant to the topic of this paper, the discussion below only concerns with the residual mechanical 
properties of specimens. According to the fire duration time, the slabs were named S-1 (50 minutes), S-2 
(70 minutes) and S-3 (100 minutes), while L-1 (60 minutes) and L-2 (75 minutes). 
As is shown in Figure 1, each specimen was supported at three points, namely two roller pin supports 
and one fixed pin support. To record the thermal response of slab or beam, linear variable displacement 
transducers (LVDT) were installed along the longitudinal direction. For the thermal gradient in the cross 
section of specimen would lead to uneven dilation of the specimens, which will at last cause the detaching 
of specimens and supports at both ends, two load cells were set at the ends of the specimen to prevent the 
detaching and measure the relevant forces at the same time. Thermocouples were cast together with the 
concrete to record the temperature distribution. During the heating, calibrated weights were already 
applied on the top of the slab or flange slab to simulate the service load in a compartment fire. The service 
loads (named frequent load in China) is 0.8kN/m2 according to the corresponding code of China. 
Figure 3 present the temperature history of S-3. Due to the temperature variation and the restraint in 
supports, the transverse deflection at the mid-span was increasing continuously throughout the heating 
process. In the cooling process, the deflection had a partial recovery. Two load cells set at the end of 
specimens recorded the variation of loads during heating and cooling. 
Spalling is observed after cooling. Figure 2 sees the spalling located on the bottom of slab near the 
middle supports. Some depth of spalling exceeded 15mm and longitudinal bar was exposing to the air. 
Based on the observation, the spalling areas arranged in ascending order were S-2, S-3 and S-1, which 
seems having little relationship with the exposed time. 
After heating, visual cracks were found in the slabs. The locations were concentrated on the negative 
moment zones near the middle supports. A crack, about 1 mm in width was seen on the left side of the 
middle support. S-2 had a visual crack on both sides of the middle support. S-3 with the longest exposed 
time had a crack on the left side and two on the right side of the middle support. The formation of cracks 
is believed as the result of combination of temperature, restraint and the calibrated weight which acted as 
service load. 
2.3. Statically loading test
Static loads were applied to the specimens by two hydraulic jacks and two rigid steel beams used to 
distribute the concentrated loads, as can be seen in Figure 1. 
LVDT readings were obtained of the displacement along the longitudinal of the specimens. Both the 
strain of the concrete and bars are measured by the strain gauges. 
In term of the code of China, five provisions are adopted to determine the ultimate bearing capacity of 
the bending specimens in test. Referring to those provisions, the ultimate bearing capacity in test was 
believed to be reached when one of the following provisions were satisfied: 
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1) The strain of the longitudinal hot-rolled bar reaches 0.01; 
2) The magnitude of maximum deflection reaches 1/50 of the span; 
3) The crushing of the compressive concrete occurs. 
The deflection curves of S-0 and S-1 during loading are depicted in Figure 4. The load-displacement 
curves of the slabs are illustrated in Figure 5. Because of the existence of cracks in the negative zone near 
the middle support, it is difficult to determine the appearance of the first crack when loading. Just as the 
phenomena of S-0, the first plastic hinge of S1~S3 occurred at negative moment zone near the mid 
support, which was determined by the yield strain of longitudinal bar. Then the cracks appeared at the 
section of mid-span in the positive moment zone. Following the yielding of bars near the bottom of slab, 
the cracks increased in width and depth, penetrated up to the compressive zone, and then the second 
plastic hinge formed. Compared with the reference specimens, the cracks of the fire damaged specimens 
were larger in quantity but smaller in width. Interestingly, the concrete in the compressive zone of the 
bottom of S-3 and L-2, of which the exposed time is 100 minutes and 75 minutes, crushed in the final 
loading stage. 
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Figure 2: Spalling on the bottom of slab                                      Figure 3: Temperature distribution of S-3 
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Figure 4: Deflection curves during loading in longitudinal direction 
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3ˊAnalysis and Discussion of test data 
3.1 Analysis of test results of slabs 
As is illustrated in Figure 5, the elevated temperatures show remarkable influence on mechanical 
properties of the fire damaged slabs. Based on the test data, the analysis is performed in the following 
aspects: 1) the comparison of the load-deflection curves. 2) The relationship between the decrease of 
bearing capacity and fire exposure time. 3) The flexural rigidity vs. fire exposure time. 4) The variation of 
concrete’s stain under loading. 
3.1.1. The effect of fire exposed time on the load-deflection curves 
Although the slabs and beams were constructed and cured at the same condition, there are still 
inevitable discrepancies among the specimens. Even the two spans of the same slab were found different 
in mechanical response when loading, which is definite in Figure 3. Thus, the span of the continuous 
specimen, which firstly reached the ultimate state, was named in this paper “the weak span”, while the 
other side “the strong span”.  
The transverse deflections at the mid-span of slabs are depicted in Figure 5. It is evident the fire 
damaged slabs performed differently in the bending process. The main characteristics may be 
summarized as follows: 
1) The fire damaged slabs have a remarkable decrease in the bearing capacity of bending. The exposed 
time also has definite influence on the ultimate strength. 
2) The flexural rigidities of the fire damaged slabs are much small than that of the reference slab. The 
value of rigidity sees a downward tendency with the increasing of fire exposed time. 
3) The reference slab has an elastic range in the initial loading stage, while the deflection-load curves of 
the fire damaged slabs show nonlinear tendency from the very beginning of loading. 
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Figure 5: Load-deflection curves at the mid-span of slabs 
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Figure 6: Decline rate of ultimate loads Figure 7: Load-strain curves of concrete on bottom near the 
middle support (the strong span) 
3.1.2. The effect of fire exposed time on the ultimate bearing capacity of slabs 
Figure 6 depicts the average of ultimate bending strength of slabs. The bending capacities of S-1, S-2 
and S-3 are about 70%, 60% and 54% of that of the reference slab. It is also obvious in the developing 
trend that the decline of the ultimate bending capacities is lowering with the increasing of exposed time. 
3.1.3 The effect of fire exposed time on the load corresponding to a specified deflection 
According to the Chinese code, the limited deflection of the concrete flexural member is 1/200 of span 
at service load. In Table 1, the loads which are corresponding to the specified deflection of 1/200 of the 
span length were listed out. 
Table 1: The load corresponding to the deflection reaching 1/200 of the span 
Case S-0 S-1(50min) S-2(70min) S-3(100min) 
Load (kN) 50.95 33.83 29.87 27.45 
Decline rate 1.00 0.66 0.59 0.54 
From the Table 1, it may be concluded that the elevated temperatures have pronounced effect on the 
specified flexural strength. Moreover, the specified strength of slabs decreases with the increasing of fire 
exposed time. It also can be concluded that the strength corresponding to the specified deflection has 
similar downward tendency and decrease extent as that of the ultimate loads. 
3.1.4. The effect of fire exposed time on the initial flexural rigidity 
Table 2 lists the initial flexural rigidities of the slabs and the corresponding decline rate. The S-1 loses 
80% of the initial rigidity after subjected to fire. The residual initial rigidity of the S-2 or S-3 is only 14% 
or 13% of that of S-0. The decline rates of the initial flexural rigidities are far larger than those of the 
other mechanical characteristics. 
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Table 2: The decline rates of the initial rigidities of the slabs 
Case S-0 S-1(50min) S-2(70min) S-3(100min) 
Decline rate 1.00 0.20 0.14 0.13 
3.1.5. Variation of concrete’s stain under loading 
In Figure 7, the concrete strain of S-1, S-2 or S-3 is much greater than that of S-0 at a same load. Even 
in the initially elastic stage when no moment redistribution had occurred, the difference is obvious. The 
gap widens with increasing of load.  
3.2. Analysis of test results of beams 
3.2.1. The effect of fire exposed time on the deflection of beams at the mid-span 
Similar to the phenomena of slabs, the mechanical properties of the continuous RC beam drops after 
fire. Table 3 presents the load-deflection curves at the mid-span of the beams. The yield point of the 
longitudinal bar was taken as the mark of the beginning of the plastic hinge. The corresponding load, 
named yield load in mid-span, is picked out here to compare the deflection and rigidity of the beams. 
Table 3 indicates the deflections corresponding to the yield loads are apparently larger than the reference 
specimens L-0, which imply the drop of the flexure rigidity. 
Table 3: Comparison of the deflections of T-beams at yield loads 
Case
Deflection of strong 
span /mm 
Normalized 
ratio
Deflection of 
weak span /mm 
Normalized 
ratio
L-0 3.03 1.00 3.39 1.00 
L-1(60min) 7.36 2.43 6.06 1.79 
L-2(75min) 7.74 2.55 7.01 2.07 
3.2.2. The effect of fire exposed time on the ultimate bearing capacities of beams 
Table 4 lists both the yield loads of the positive zone (the plastic hinge at mid-span) and the ultimate 
loads of the beams. From the test data, it may be conclude the yield load decreases with the increasing of 
the fire exposure time, while the ultimate load is less relevant to the exposure time and the decreasing 
amplitude is also smaller. 
Table 4: Comparison of the bearing capacity of beams 
Case
Yield load of 
weak span /kN 
Yield load of strong 
span /kN 
Ultimate load /kN 
L-0  98 106 146.0 
L-1(60min) 94 100 131.5 
L-2(75min) 80 86 131.0 
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3.2.3. Relationship between load corresponding to a specified deflection and fire exposed time 
Table 5: Load while the vertical displacements reaching 1/200 of span 
Case
Load of weak 
span /kN
Normalization
Load of strong 
span /kN
Normalization 
L-0 117 1.00 117 1.00 
L-1(60min) 102 0.87 113 0.97 
L-2(75min) 105 0.90 115 0.98 
Similar to the results of slabs, the load corresponding to the specified deflection, which is 1/200 of the 
span, is listed in Table 5. The amplitude of the decline rates of the beam has a similar downward tendency 
as that of the ultimate strength. 
3.3 Discussion about the results 
The test results above may be explained by the following aspects: 
1) It is well documented the mechanical characteristic of concrete, especially the elastic modulus drops 
dramatically after fire exposure. Compared with the similar test data in literatures, the decrease 
amplitude of the mechanical properties in this paper shows an apparent greater decrease either in 
bearing capacity or rigidity. The difference can be to some extent owing to the deterioration of 
concrete on the bottom of specimens, of which acts, in some place, as compressive zone under 
loading;  
2) It is observed visible cracks formed in the heating process. The dramatic decrease of rigidity is partly 
owing to the pre-opening of the cracks in the tensile zone and what’s more the closure of cracks in 
the compressive zone during loading. The gradual closing of cracks can also be used to explain the 
flatter load-displacement curves of the fire damaged specimens. 
3) The closure of cracks in compressive zone leaded to an earlier appearance of plastic hinge under 
negative moment, which in turn advanced the redistribution of flexural moment and the appearance 
of the plastic hinge at the mid-span; 
The degradation of mechanical properties of beam are less severe than that of slabs. This can be attributed 
to the following aspects: 
1) The gap of fire exposure time between L-1 (60 minutes) and L-2 (75 minutes) is comparatively 
narrow. Thus the influence of fire exposure time is not as remarkable as that of slabs, of which the 
exposure time is 50 minutes, 70 minutes and 100 minutes. 
2) The heat is transferred internally from the surface by means of conduction, which is a time dependent 
process. Under equal fire exposure beam, with lager section dimension (200mm×300mm), will 
certainly perform better in fire-resistance than the slab (1200mm×120mm).  
3) Other than the test in fire, in post-fire period the degradation on material characteristic of concrete, 
especially the elastic modulus, is unrecoverable and in most cases more severe after cooling. But the 
mechanical property of reinforcement will have a fully recovery and to some extent enhance the 
residual strength of specimen. Thus, the specimen with higher steel ratio will experience less damage 
than that with lower steel ratio. All those above make difference of damage between beam and slab. 
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4. Conclusion 
The experimental study carried out in this paper covers the influence of the elevated temperature and 
fire exposed time on the mechanical behavior of two-span continuous slab and beam. The conclusion may 
be drawn as follows: 
1) Compared with the simply supported member, the continuous one has a greater decrement in the 
mechanical behavior, which may be owing to the degradation of the concrete and the cracking 
formation in the compressive zone. 
2) After fire, the slabs and beams have pronounced decrease both in the bearing capacity and flexural 
rigidity; 
3) The loss of the flexural rigidity is much greater than that of the bearing capacity for the RC 
continuous member.  
4) From the decreasing magnitude of the flexural strength, it may be drawn that the slabs lose more 
strength than that of the beams under equal fire condition. 
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